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Maximizing the Electromagnetic Efficiency of Spintronic
Terahertz Emitters

Pierre Koleják, Geoffrey Lezier, Daniel Vala, Baptiste Mathmann, Lukáš Halagačka,
Zuzana Gelnárová, Yannick Dusch, Jean-François Lampin, Nicolas Tiercelin,
Kamil Postava, and Mathias Vanwolleghem*

1. Introduction

Spintronic terahertz emitters (STEs) are
currently attracting considerable research
attention due to their versatility, ease
of fabrication, and cost-effectiveness.[1–4]

These emitters operate based on a femto-
second optical excitation of a nanometric
stack of typically magnetic and non-
magnetic metallic films, leading to ultrafast
diffusion of spins from a ferromagnetic (FM)
layer into adjacent heavy nonmagnetic
(NM) layers with strong spin–orbit coupling
(SOC). The inverse spin-hall effect (ISHE)
deflection in the SOC NM layers is charac-
terized by very fast relaxation times[5] lead-
ing to a transient current dipole that is
nearly Fourier-limited by the excitation
pulse bandwidth. Femtosecond pump
pulses thus generate near single cycle tera-
hertz (THz) emission (Figure 1a). ISHE
STE’s offer many advantages over other
traditional pulsed THz sources, being
unhindered by phonon absorption,
phase-matching requirements, and long

relaxation times. The groundbreaking work by Seifert et al.
demonstrated a broadband, gap-less spectrum spanning
over 30 THz.[6]

ISHE THz pulses are independent of the pump wavelength
and polarization, as they rely on an off-resonant generation of
hot majority spin polarized carriers. This process depends only
on the pump’s fluence.[7,8] Moreover, these emitters are remark-
ably robust accommodating both collimated high-energy pulses
on the order of millijoules at kHz repetition rates and tightly
focussed low-energy pulses in the nanojoule range at sub-
GHz repetition rates. At sub-MHz repetition rates, saturation
and eventual thermal degradation sets in at a pump fluence of
≈5mJ cm�2,[9] while with increasing repetition rates the total
average irradiance is the critical parameter. Highly confined
fiber tip integrated STE’s operate without degradation up to
1.5 kW cm�2.[10]

These observations underline that ISHE sources possess a
highly scalable flexibility allowing to use any pump laser system
for its specific characteristics (repetition rate, wavelength, power,
frequency tunability, pulse duration, etc.[11,12] This is nicely illus-
trated by the latest record performance forW/CoFeB/Pt emitters.
Exciting a large area emitter (5 cm diameter) with a collimated
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Optically pumped spintronic terahertz emitters (STEs) have, in less than a
decade, strongly impacted terahertz (THz) source technology, by the combi-
nation of their Fourier-limited ultrafast response, their phononless emission
spectrum and their wavelength-independent operation. However, the intrinsic
strength of the inverse spin Hall effect governing these devices introduces a
challenge: the optical-to-terahertz conversion efficiency is considerably lower
than traditional sources. It is therefore primordial to maximize at least their
electromagnetic efficiency independently of the spin dynamics at play. Using a
rigorous time-domain treatment of the electromagnetic generation and
extraction processes, an optimized design is presented and experimentally
confirmed. With respect to the strongest reported spintronic THz emitters it
achieves a 250% enhancement of the emitted THz field and therefore an 8 dB
increase of emitted power. This experimental achievement brings STE close to
the symbolic barrier of mW levels. The design strategy is generically applicable
to any kind of ultrafast spin-to-charge conversion (S2C) system. On a broader
level, our work highlights how a rigorous handling of the purely electromagnetic
aspects of THz spintronic devices can uncover overlooked aspects of their
operation and lead to substantial improvements.
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2 cm wide beam of 5mJ pulses (35 fs, 800 nm, 1 kHz) from an
amplified Ti:sapphire laser generates record focal THz peak elec-
tric fields exceeding 1.5MV cm�1 in sub-ps cycles with an inte-
grated average THz power close to 100 μW.[13] Finally, with their
easy lossless rotation of the emitted polarization plane by means
of either a small rotating external magnet,[14,15] of a controlled
Stoner–Wohlfarth rotation,[16] or even piezoelectrically controlled
magnetoelastic rotation,[17] spintronic emitters have in a matter
of just a few years taken an unique place as flexible, robust, and
ultrabroadband THz sources. Their polarization control has even
allowed modulation bandwidths up to 10 kHz and rates up to
10MHz are within reach.[18,19]

The main drawback hindering a wider adoption of spintronic
THz technology, is the low optical-to-terahertz efficiency, typi-
cally on the order of 10�5–10�6 with respect to the total input
energy.[6] This is at least one to two orders of magnitude lower
compared to traditional optically pumped THz sources.[20] STE’s
invariably require fs-lasers operating at multiwatt average
power levels. Enhancing their conversion efficiency is a critical
step toward achieving competitiveness with conventional THz
sources.

In recent years, a lot of attention has been devoted to optimiz-
ing the pure spintronic aspects of the process: spin-current
generation and S2C. Several excellent reviews give an overview
of the different spin-generating and SOC materials that have
been studied.[2,4,21] Up till now, it proves hard to radically
improve upon the performance of the sturdy Pt(2 nm)/
CoFeB(1.8 nm)/W(2 nm)-system, though moderate increases
have been reported by alloying the NM layers with Au to create
spin sink effects and reduce spin reflection, and by replacing the
FM spin injector by the semi-metal Heusler alloy Co2MnGa for
its very high degree of spin polarization.[22] A promising new
direction is to move toward strong interfacial S2C that occurs
by spin momentum locking in inversion symmetry-broken
systems. Such Inverse Rashba-Edelstein-Effect (IREE) systems
are currently under heavy investigation with reports on
Bi/Ag interfaces,[23] on surface effects of several topological insu-
lators (SnBi2Te4 see ref. [24], BixSb1�x see ref. [25], and Bi2Se3
see ref. [26] and recently monolayer Pt-based transition metal
dichalcogenides.[27]

With IREE emitters still undergoing further optimization and
the mature ISHE emitters being led by the Pt/CoFe/W family,
further improvements must come from extrinsic parameters

in the generation, i.e., the electromagnetic design that deter-
mines the absorption of the pulse energy and the radiation of
the current dipole into free space. A bare trilayer emitter absorbs
only about 30–50% of the incident power in its spin-generation
layer, and typical substrates are not impedance matched to free-
space. Both factors combined reduce the generated charge cur-
rent and the associated radiated THz E-field by nearly a factor
≈10, which amounts up to two orders of magnitude in radiated
THz power. Increasing the extracted THz radiation has been
achieved by integrating a hemispherical substrate-matched colli-
mating lens[28] and by implementing antennas on the ISHE
stack,[29,30] albeit at the cost of redistributing the THz spectrum.
Recycling unabsorbed IR pump photons more efficiently is a log-
ical strategy for enhancing performance. By introducing a pho-
tonic layered structure, the confinement of the optical pump field
in the FM layer can be maximized with minimal impact on the
emitted THz field. The incorporation of a dielectric Bragg-like
mirror has led to reports of an efficiency increase of a single
STE by a factor of 1.9.[8,31] Cascading multiple STEs is another
way of recycling pump photons though this comes at the cost
of increased THz losses.[32,33]

At present the research boom surrounding THz spintronics
has led to a wealth of detailed insights concerning the intrinsic
spintronic mechanisms, while the electromagnetic aspect of
the devices’ operation has remained less rigorously studied.
Nevertheless, the optical perspective plays a crucial role in
designing an optimal photonic geometry for the emitter. This
applies both to the excitation and the emission processes at play.
For instance, the pump absorption (and thus the efficiency) dif-
fers notably depending on whether the stack is excited from the
substrate side or from the side of the metallic ISHE stack.
Similarly, the emission is influenced by internal Fabry–Pérot
reflections and scales differently toward either the substrate side
or the air side.

It is the goal of this work to present a rigorous electromagnetic
theoretical framework for metallic W/CoFeB/Pt-based ISHE
STE’s and support this by experimental demonstrations of the
predicted improvements. As the sub-picosecond dynamics of
the emitter are a key aspect of its operation, we develop an origi-
nal time-domain treatment correctly taking into account disper-
sion and non-stationary absorption. This theory is then applied
for the design of an optimal structure that maximizes all aspects
of the photonic processes at play. The experimental results

Figure 1. a) ISHE emitter principle: IR pulse activates a NM/FM/NM tri-layer under magnetizationM, converting spin current js to charge current jc and
generating THz radiation. b) Sapphire/STE/cavity scheme: Details the excitation arrangement of the sapphire/STE/cavity sample in transmission
geometry with its sapphire/STE reference. c) STE/cavity/sapphire scheme: Illustrates the meaning of STE/cavity/sapphire sample excitation configuration
in transmission geometry and its STE/sapphire reference.
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confirm the numerical predictions by demonstrating THz peak
field emissions enhanced by nearly 300% with respect to a bare
reference emitter.

The article is organized as follows: The Results section begins
with presentation of our optimization strategy focused on
electromagnetic efficiency. We delve into key processes such
as excitation and emission in STEs, reconstruction of Fourier
responses, and the comprehensive optimization of our STE-
SiO2/SiNx-cavity samples. Further, we demonstrate the enhance-
ment of our cavity-integrated spintronic emitters, comparing
them to traditional STEs using time-domain spectroscopy (TDS)
and Fourier analysis. We also verify the linear correlation
between THz emission and pump power in ISHE STE-cavity
emitters, and explore how excitation wavelength affects THz
enhancement. In the Discussion section, we demonstrate
through simulation the critical role of the SiO2 phase-matching
layer in cavity design, which is essential for phase alignment and
interference control. We show the optimal thickness is key to
ensuring the absorption spectrum aligns correctly with the pump
pulse. Thereafter, we delve into the efficiency of spintronic emit-
ters, particularly in terms of THz extraction into free space and in
the substrate direction. The performance and efficiency of STEs
in various configurations, with and without photonic cavities, are
thoroughly evaluated. The subsection Further improvement and
outlook examines how substrate choice impacts the efficiency of
STE, analyzing the effects of different substrates on absorption
and THz emission. In conclusion, the article presents a cohesive
overview of the advancements and potential further improve-
ments in the field of STEs.

2. Results

2.1. Optimization Strategy

As has been noted, the traditional STEs do not exploit their full
potential and exhibit a rather limited absorption of only 30–50%
of the optical pump power. A significant portion of the incident
power is wasted due to reflection and transmission losses.
However, by effectively recycling the unused pump photons
and optimizing the extraction of generated THz photons from
the STE, we can achieve an extraordinary enhancement of the
optical-to-terahertz efficiency. This electromagnetic perspective
of STEs has never really been systematically studied. Their opti-
mization has been primarily centered around spintronics, mate-
rial engineering and magnetism.[3,4,34,35]

Therefore, we have developed a theoretical electromagnetic
framework (described in detail in Supporting information
1-4), that rigorously treats the pulsed excitation and emission pro-
cesses to optimize STEs. It is based on the following numerical
steps: 1) Discretization of the given excitation spectrum
into individual monochromatic plane waves (Fourier series);
2) Calculation of optical response of each individual
Fourier term, employing the scattering matrix formalism;
3) Reconstruction of the Fourier responses to estimate the
time-dependent spatial absorption through Poynting’s theorem,
providing valuable insight into the absorption dynamics;
4) Utilization of this time-dependent absorption in the spin
pumping layer as a source for temporal dipole emission by

applying the scattering matrix formalism; and 5) Global optimi-
zation of a) the IR pump absorption within the desired temporal
interval and specific layers or of b) the output THz signal. The
goal function (a) is well-suited for resolving problems related to
single THz pulse emission, especially when increased absorption
plays a direct role in the THz generation process. However, the
optimization of the IR pump absorption can introduce detrimen-
tal side-effects on the THz extraction part of the electromagnetic
problem, by for instance introducing extra THz losses, Fabry–
Pérot effects or even multiple pulse effects. Therefore approach
(b) is the more robust choice for optimizing an arbitrary structure
to achieve maximum THz total power or peak power. It is how-
ever considerably more time and memory consuming. Using our
approach an optimized photonic cavity is designed that efficiently
traps nearly the entire spectral power of the pump laser in the
magnetic spin pumping layer. For this trapping, we have opted
for 1D SiO2/SiNx distributed dielectric layer pairs (a DBRmirror)
as the resulting photonic crystal structure becomes only a few
microns thick, impacting minimally the phase of the generated
THz wavelengths and therefore minimally hindering THz extrac-
tion. The thicknesses of the individual layers of this photonic cav-
ity were optimized for maximal enhancement using a global
optimization (combination of Simplex and Differential evolution
algorithms.[36,37] Previous studies have primarily focused on aug-
menting absorption by placing a photonic trapping cavity on top
of the STE and pumping the structure through the substrate.
Such configurations have led to notable yet limited improvements
of 60–80% of the STE electric peak-to-peak field strength.[8,31,33]

However, our innovative approach takes into consideration an
alternative excitation geometry, namely the STE/cavity/substrate
arrangement, implying a pump excitation from the metallic emit-
ter side and a THz extraction through the substrate. Throughout
the article, we apply this notation to outline the layer sequence of
structures exposed to IR excitation. Figure 1b,c illustrate the dif-
ference between the STE/cavity/substrate design (c) and the com-
mon substrate/STE/cavity (b) arrangements, along with their
corresponding references without cavities. It will be shown that
The STE/cavity/substrate yields even higher levels of enhance-
ment and superior overall performance. Notably, a recent study
by Rouzegar et al. employed the STE/cavity/Si configuration,
leading to twofold amplitude improvement.[13] We will show that
our approach achieves further emission improvements and also
sheds light on many mechanisms from an optical perspective.
Specifically, we present a design that delivers an 2.45-fold THz
field emission enhancement. This structure addresses the over-
looked absorption disparity between STE/substrate (32%) and
substrate/STE (50%). We also consider the enhanced extraction
of the THz field toward the substrate direction as a significant
factor. In the next section, the experimental demonstration of this
optimization strategy is presented.

2.2. THz Pulse Peak-to-Peak and Power Spectral Density
Increase of PhC-Enhanced STE’s

We performed thorough TDS measurements to evaluate the
emission performance and improvement of the sapphire
(0.5mm)/STE/cavity and STE/cavity/sapphire (0.5 mm) configu-
rations in transmission geometry. The cavity consists of
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6 SiO2(139 nm)/SiNx(100 nm) cells for 808 nm, where the SiO2

layer in the first cell is modified to 160 nm, and its optimization
is explained in Section 3.1. We utilize an optimized Pt(2.1 nm)/
CoFeB(1.9 nm)/W(2 nm) trilayer as the STE emitter. More
details on the experimental setup and the sample fabrication pro-
cess are provided in the Section S5, Supporting Information,
where the used calibration technique is detailed. The estimated
relative precision on the thickness of the STE layers is of the
order of 10%. Simulations have shown that the optimization
design is robust with respect to such subnanometric deviations.
The agreement between the obtained experimental performance
and the predicted simulated enhancement proves that the
targeted thicknesses are reached with sufficient precision.
Figure 2a,b plot the measured temporal traces for both geome-
tries: 1) sapphire/STE/cavity; and 2) STE/cavity/sapphire,
pumped with 73mW of average power. For both configurations,
the THz temporal pulses generated by the reference emitter
(non-augmented by a cavity), fabricated in the same run on
the same substrate, are plotted in red, Sref(t). The blue trace
SPC(t) represents the STE integrated with the optimized photonic
cavity measured under the same pump power. Note that in these
figures, the traces are normalized with respect to the peak ampli-
tude of the reference emitter. In both cases the trapping photonic
cavity clearly amplifies the peak-to-peak amplitude of the gener-
ated THz pulses, by a factor 1.5 for configuration (I) and a
remarkable 2.45 for configuration (II). Previous attempts in
the literature did not achieve such a significant increase in emis-
sion.[8,13,32] As the S2C depends in first instance on the energy
delivered to the spin reservoir, the cost function for the design
optimization is the electromagnetic absorption in the FM layer.
The optimization predicts absorbance increases from 50% to

89% for (I) (i.e., by �1.78) and from 32% to 95% for (II)
(�2.97), respectively. The measured peak-to-peak enhancement
Spp,PC=App� Spp,ref follows these predictions. Obviously, a full
100% absorbance in the FM layer can not be reached because of
unavoidable reflection losses and the impossibility to perfectly
confine the pump field. We also provide evidence of the spin-
tronic origin of the emitted THz radiation by observing a reversal
in polarity when the magnetic field is reversed from 11.14 to
�11.14 kAm�1 (vertically shifted traces in Figure 2a,b).
Apart from the slight influence by water absorption, leading
to the presence of minor long Lorentz damped oscillations in
the time domain, a striking feature in these measurements is
the appearance of a strong echo in the sapphire/STE/cavity
configuration (I). This reflected echo is suppressed in the
STE/cavity/sapphire configuration thanks to a broadband
anti-reflection phenomenon,[38–40] as schematically shown in
Figure 2c. Forward-emitted THz pulses, when reflecting off
the bottom of the substrate, produce weaker replicas that
are delayed by twice the substrate’s propagation time
(Δτ ¼ 2nAl2O3

dAl2O3
=c ≈ 10 ps). However, when pulses reflect

off thin metallic layers, they result in almost perfect antiphase
interference rather than a simple reflection. This effect is
attributed to the nanometer thickness of these layers and the
imaginary component of their Drude THz permittivity.

The squared modulus of the Fourier transforms of the TDS
signals (of 20 ps window) presented in Figure 2d,e, reconfirm
clear evidence of signal improvement across the entire spectrum
of the STE signal, while the noise level remains unchanged. Not
only is there a significant increase of the dynamic range in con-
figuration (II), its spectrum is devoid from interference fringes
due to the echo. Contrary to an electrooptic sampling, exact

Figure 2. a) Comparison of measured THz emission for STE/cavity/sapphire sample and its STE/sapphire reference under magnetic fields of 11.14
and �11.14 kAm�1. b) Measured THz emission comparison for sapphire/STE/cavity sample and sapphire/STE reference in magnetic fields of
11.14 and �11.14 kAm�1. c) Diagram explaining the origin of THz echoes in measured signals for sapphire/STE and STE/sapphire geometries.
Where the anti-reflective coating effect suppresses direct reflections from the STE. d) Spectral power of the STE/cavity/sapphire sample and comparison
with its STE/sapphire reference. e) Spectral power comparison of the sapphire/STE/cavity sample against its sapphire/STE reference. f ) Shows the
enhancement spectrum of STEs integrated with photonic cavities, comparing the STE/cavity/sapphire and sapphire/STE/cavity configurations.
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knowledge of the calibrated transfer function of the THz photo-
conductive receiver is not straightforward to determine.[41] As a
result, absolute values for the transient electric field strength of
the THz pulse are hard to extract out of our measurements.
However, we can estimate the relative power increase of the
PhC enhanced STE’s by integrating the ratio of the TDS spectra
jSPCðωÞj2=jSref ðωÞj2 (Figure 2d,e).

These integrated ratios yield values of 2.12 and 5.64, which
closely match the increase predicted by merely considering the
square of the peak-to-peak signal enhancement A2

pp ¼ 1.52 ¼ 2.25
and 2.452 ¼ 6. The frequency-dependent ratios before integration
illustrated in Figure 2f, suggest a consistent enhancement across
the spectrum. This is attributed to the fact that the proportional
change in absorption do not impact the dynamics of ISHE emis-
sion, and thus does not influence the THz spectrum. This phe-
nomenon is observed in the Sapphire/STE/Cavity sample, but
not in the STE/Cavity/Sapphire sample, for reasons that remain
unclear to us. One possible explanation might be the different
sequences in the fabrication of the STE and the cavity. In the
STE/Cavity/sapphire configuration, the cavity is exposed to higher
temperatures during STE deposition, potentially leading to
changes in material properties. At low THz frequencies, the
enhancement actually reaches predicted 600% compared to the
integrated average of 564%, suggesting a decrease in efficiency
at higher frequencies. However, at these higher frequencies,
the signal is markedly weaker, which makes the inconsistent effi-
ciency reduction almost unnoticeable in the time domain.

Configuration (II) increases the power conversion efficiency of
Pt/CoFeB/W-emitters by almost 8 dB (implying an additional
2 dB enhancement with respect to ref. [13]). Our operation at
80mW (after the chopper) and 80MHz results in pulses with a
maximum energy of 2.0 nJ, limiting demonstration to TDS tempo-
ral trace analysis. Yet, extrapolating Rouzegar’s findings suggests
our configuration could potentially achieve >150 μW average THz
power with high-energy pumping (5mJ pulses). This would make
spintronic THz emitters competitive with, and superior in pulse
bandwidth to, conventional pulsed THz sources.

2.3. Pump Power and Wavelength Dependence

The transient current created in ISHE emitter is intrinsically pro-
portional to the absorbed energy in the spin pumping layer. The

THz field should thus be linearly dependent on the pump power.
To validate this, we conducted an experimental power sweep
using a tunable attenuator. This power adjustment was per-
formed behind the chopper (see Section S6, Supporting
Information). The power was swept from 0 to 80mW.
Figure 3a plots the variation of the peak-to-peak TDS signal of
STE/Cavity/sapphire as a function of pump power (measured
separately before each experiment). Over the entire range, a per-
fect linear dependence is observed, confirming the functional
efficiency of cavities the structural integrity and non-saturating
behaviour with increasing power. This is unsurprising
as the pumping conditions (≈0.05mJ cm�2 maximal fluence)
are very conservative, compared to the reported damage
thresholds.[9,10]

An important advantage of the ISHE is its independence with
respect to the center wavelength of the pump pulse.[7] This is a
direct consequence of the superdiffusive spin transport models
that have successfully described the THz transient dipole current
in ISHE STE’s.[42] The amplitude of the spin current at its origin
is primarily determined by the energy dumped in the electron
bath of the FM layer which has a broad largely wavelength inde-
pendent absorption spectrum (see Section S7, Supporting
Information). The wavelength dependence of the STE is there-
fore dominated by the electromagnetic response of the cavity sys-
tem to the pump. This is again a clear argument in favour of
devoting more attention to this aspect. We performed emission
analysis while adjusting the excitation wavelength of the tunable
Ti:sapphire oscillator Mai Tai-HP to investigate its impact on the
predicted THz enhancement. The oscillator’s pulse duration is
guaranteed to be sufficiently constant over its tuning range. It
is therefore expected that the THz peak-to-peak enhancement
will emulate the absorption spectrum of the designed photonic
structure. This is presented in Figure 3b, plotting the ratio of the
peak THz values for the STE/Cavity/sapphire configuration rel-
ative to the STE/sapphire sample, as a function of central wave-
length. In doing so, we factor out the wavelength dependence of
the average power of the laser oscillator. The measured enhance-
ment follows qualitatively the modelled absorption spectrum of
the designed photonic cavity and especially reproduces correctly
the predicted spectral position of the gap of the DBR mirror.
Even though the model predicts a 20% higher enhancement,
the observation of maximum efficiency at 808 nm suggests

Figure 3. Demonstration of the robustness of STE/cavity/sapphire emitter: a) Generated electric field’s linear response to varying average powers of an
808 nm, 100 fs IR pump pulse. b) Enhancement of THz amplitude with changing central wavelengths of the excitation pulse (under the same power)
compared to model expectations.
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accurate fabrication of the structure’s bandgap and a reliable
model used for the layers optimization strategy.

Thermal effects might explain the discrepancy between theo-
retical models and actual measurements. The ISHE’s conversion
efficiency is very low, around 10�5–10�6, meaning almost all
pump power must be dissipated. Although sapphire substrates
in traditional ISHE STEs serve as decent heat sinks, the
thermal resistance significantly increases with the addition of a
SiO2/SiNx DBR mirror.[43–47] This, coupled with a threefold
increase in power absorption, likely impacts the device’s thermal
management, an aspect not yet considered in our analysis but
warrants further investigation.

3. Discussion

Having experimentally demonstrated the 245% THz field
enhancement induced by the photonic cavity in the STE/
cavity/substrate configuration, we delve a bit deeper into the
design considerations having led to this optimised structure.
This discussion will equally reveal why both pumping configu-
rations (STE/cavity/substrate vs substrate/STE/cavity) behave
drastically different despite nearly equal pump absorption.
This section will conclude by an outlook on how to further
improve STE emitters from an electromagnetic point of view.

3.1. Integrating PhC with STEs: Design and Optimization

Our cavity design features a SiO2/SiNxDBRmirror, enhanced by
an additional SiO2 layer acting as a phase-matching layer.
This layer is crucial as it introduces an extra variable to counteract
the phase shift from the Bragg mirror, thus fine-tuning the
interference within the FM layer. Our experiments show that
six pairs of SiO2/SiNx are adequate for effective trapping, with
additional pairs not further improving FM layer absorption.
The thickness of the SiO2 phase-matching layer was optimized
to 159 nm for the sapphire/STE/Cavity and 162 nm for the
STE/Cavity/sapphire, resulting in configurations of (I):
Sapphire/STE/SiO2(23 nm)/6� [SiO2(139 nm)/SiNx(100 nm)]
and (II): STE/SiO2(20 nm)/6� [SiO2(139 nm)/SiNx(100 nm)]/
Sapphire.

In both configurations (I) and (II), only the layers of the
cavity structure were varied during the optimization procedure.
The Bragg mirror converges to a 239 nm thick unit cell:
SiO2(139 nm)/SiNx(100 nm). This is a logical consequence of
optimizing a trapping structure centered around 808 nm. Each
layer in the unit cell presents approximately a λ/4 of the material
at 808 nm.[48,49]

To demonstrate the impact of the phase-matching SiO2

layer’s thickness, we conducted simulations over a range of
100–250 nm. The results of this fine-tuning compensation are
evident in the alteration of the infrared field distribution, as
shown in Figure 4a,b, with varying the SiO2 layer thickness.
When the thickness is not optimally set, the interference maxi-
mum is positioned outside the spintronic layers (curves in blue
shades), leading to significant field reflection and transmission
through the cavity, and consequently, low overall absorption.

While the SiO2/SiNx cavity is engineered to produce a
bandgap at 808 nm, the misalignment in phase across different

STE/(phase-matching layer) configurations results in the absorp-
tion bandgap shifting to different wavelengths. This shift occurs
when the standing wave at these wavelengths fulfills the criteria
for enhancing the field in the spintronic emitter, but not neces-
sarily for a pulse at 808 nm. Figure 4e,f illustrates the transfor-
mation of the absorption spectrum (shown in shades of blue)
compared to the spectrum of a 100 fs pulse with a central wave-
length of 808 nm. After optimizing the SiO2 layer, ≈160 nm for
both cases, including a 20 nm phase-matching layer, the absorp-
tion spectrum is aligned with the pulse spectrum. However, at
the optimal thickness the interference maximum of the field
is aligned within the spintronic layers in Figure 4a,b. This align-
ment effectively minimizes reflection and transmission from the
structure. The cavity on the STE side is terminated with SiO2,
selected because the electric field in the distributed Bragg reflec-
tors reaches an interference maximum in materials that are
optically less dense. Consequently, at the interface with STE,
the field strength is inherently high. This implies that the phase
alignment is close to optimal with the current thickness of the
basic cell, and only a small adjustment is required for additional
phase correction. While the structure can alternatively be termi-
nated with SiNx, achieving phase reversal in the optically denser
medium generally necessitates adjustments that approximate the
thickness of the original layer. Technologically, extending the
SiO2 layer by 20 nm is more feasible than depositing a substan-
tially thicker SiNx layer.

In a more direct approach, we demonstrate the changes in
total absorption and the corresponding alterations in the central
wavelength of the absorption spectrum on the varying thickness
of the SiO2 layer. Figure 4c,d effectively illustrates these changes,
where each marked point corresponds to an optimized solution
for a 100 fs excitation pulse. The optimized solutions we obtained
correspond to the peaks in the absorption curves. It is crucial to
emphasize that the thickness dependency is not overly acute,
thereby enabling fabrication within a few nanometers of preci-
sion. As anticipated, the solution’s bandgap central wavelength
is found to be around 800 nm.

The design and fabrication of structures for sub-100 fs pulses
is inherently more challenging. Shorter pulses exhibit a broader
spectrum to align with an equally broad bandgap. For pulses as
short as about 10 fs (≈3 μm in the air), their dimensions become
comparable to the cavity size itself. In these scenarios, the tem-
poral evolution of interference patterns, especially during the
reflection of the pulse from the cavity, emerges as a critical
aspect. Consequently, the design of cavities should give primary
importance to femtosecond pulse considerations, rather than to
the design based on infinite monochromatic waves at the central
wavelength of the pulse.

Note that this distinguishes this design from a Tamm plas-
mon surface state between a metal and a DBR mirror.[50,51]

A Tamm plasmon resonance searches to create a surface eigen-
state with a moderate quality factor confined near a metal but at
in-plane wave vectors accessible by direct optical excitation. Here
the goal is to maximize the absorption inside the metal of the
incidence pulse rather than to achieve a resonant field buildup
near the metal. It can be seen from Figure 4e,f that the pump
absorption is not peaked at any wavelength but high over the
entire pump pulse spectrum.
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3.2. Generation Process

To provide further insights into the performance of both STE
geometries, we present the estimated spectral absorbance, trans-
mittance, and reflectance in Figure 5a, specifically comparing a
conventional sapphire-based STE (dashed lines) with a cavity-
enhanced STE (continuous lines). The optical characterization
of CoFeB and the resulting material properties are detailed in
Section S7, Supporting Information. For the other metallic
and dielectric layers, the optical functions were found to be in
good agreement with the tabulated values for W,[52] Pt,[53] sap-
phire,[54] SiNx,

[49] and SiO2,
[48] and are utilized in simulations

throughout the entire article. In Figure 5a the red and blue curves
refer to respectively pumping from the substrate or the spin-
tronic stack. Due to reciprocity the transmittance of a bare emit-
ter is independent of its excitation direction. One would therefore
be tempted to conclude that the excitation sense with the lowest
reflectance, i.e., sapphire/STE, will inevitably lead to the stron-
gest THz emission. As will be seen in Section 3.3, this is not
necessarily true. The integration of a cavity in both excitation
geometries creates a bandgap that nearly perfectly recycles the
pump photons: the transmittance through the DBR mirror is

in both cases lower than 3% over the bandgap. For a comprehen-
sive overview, we present the integrated total absorbance (A),
transmittance (T ), and reflectance (R) of the IR pulse (100 fs,
808 nm) in Figure 5b (the pair on the right), accounting for con-
tributions from Fabry–Pérot reflections and the effects of all
interfaces.

In the substrate/STE/cavity configuration, the DBR cavity
effectively reduces the transmission of pump photons and con-
verts it to absorption, but it does not significantly reduce the
internal reflection from the STE layers, which are inherently
low. The total reflectance of the structure remains at least always
at the same level as without the cavity (comparing the full and
dashed red curves in Figure 5a). In this scenario, the main factor
contributing to reflectance is the reflection at the air/sapphire
interface, which accounts for losses of ≈7.6%. Given that the total
reflection amounts to ≈10%, the reflection from the sapphire/
STE interface makes a minimal contribution, amounting to just
a few percent, even in the absence of a cavity. This is fundamen-
tal consequence of the different phase of the first Fresnel reflec-
tion at the entrance interface of the STE stack. This is a first
reason why exciting the STE through substrate is less optimal.
From an electromagnetic point of view, even by adding a

Figure 4. Sensitivity analysis of STE/cavity/sapphire and sapphire/STE/cavity to variation of the phase-matching SiO2 layer thickness: a,b) Variation of the
electric intensity of the infrared pump beam (curves in blue shades) near the spintronic layers as a function of varying thickness for the last phase
matching SiO2 layer in the DBR structure (100–250 nm). The variation of the SiO2 layer is depicted with a linear gradient and lines illustrating individual
thicknesses. The optimal configuration (160 nm - magenta) achieves maximum field intensity within the spintronic layers for both configurations.
c) Comparison of changes in the absorbed energy of an excitation pulse (100 fs, 808 nm) and d) the central absorption spectrum wavelength with
different SiO2 layer thicknesses. Optimized solutions are marked. e,f ) Absorption spectrum transformation in STE/cavity/sapphire and sapphire/
STE/cavity structures with varying SiO2 thickness. The shaded blue curves illustrate the bandgap shift across wavelengths, while the magenta line approx-
imates the 160 nm solution corresponding to a pulse (100 fs, 808 nm), whose spectrum is shown for comparison.
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trapping cavity, the pump photons will always undergo a mini-
mal entrance reflection. For the STE/cavity/substrate configura-
tion on the contrary, the total reflectance is drastically reduced
within the DBR gap, yet it still comprises a few percent. This
fundamentally different behaviour limits the maximal achievable
absorption when exciting a STE through an optically dense layer.

Time-domain simulations confirm the above frequency
domain findings. Figure 5b plot snapshots of the intensity dis-
tribution jEj2 (red line) halted at the instant of peak intensity
inside the spin pumping layer upon excitation by a 100 fs pulse
(30 μm long, centred at 808 nm). The red arrow denotes the direc-
tion of excitation. In the STE/cavity/sapphire configuration, the
cavity creates an antireflection effect, resulting in decreased
interference compared to the STE/sapphire reference. This por-
tion of the electromagnetic energy is now absorbed by the spin-
tronic layers. In the sapphire/STE/cavity configuration however,
as explained above, the unavoidable entrance loss at the air/sap-
phire interface, limits a drastic further reduction of the reflection
loss of the STE layers. The cavity can only minimally further
reduce the reflection losses, hence the considerably lower inten-
sity and minimal reduction of the interference ripple in this con-
figuration. The interference of the exciting and back-reflected

fields appears nicely, revealing for instance how in the
substrate/STE/cavity configuration the interference ripple is
minimally reduced. The cavity manages to recycle the pump pho-
tons that would otherwise be transmitted, but it can’t do anything
about the IR photons that are reflected by the STE/sapphire inter-
face. Hence the absence of pump reflection reduction in this con-
figuration (as already shown in Figure 5a). Additionally, our
time-domain framework allows to plot the spatial distribution
of the energy absorption as a function of time. Figure 5c shows
a zoom of the structure on the metallic stack, plotting on top of it
the absorption distribution Q(x,t), paused at the maximal field
fluence in the FM layer (see Section S2, Supporting information,
for the definition and the physical meaning of Q ).

This simulated Q(x,t) snapshot shows that even though our
structure manages to radically improve the absorption in the spin
pumping layer (see the twofold and threefold Q increase in the
CoFeB layer in Figure 5c), the optimization strategy cannot avoid
that an important part of the absorbed pump energy is lost in the
non-magnetic non-spin polarized layers. In detail, the energy is
distributed among the Pt/CoFeB/W layers in the following ratio:
37.0% for Pt, 40.3% for CoFeB, and 22.7% for W. This is a fun-
damental limitation due to the optical properties of Pt and W.

Figure 5. Analysis of absorption during IR excitation: a) Calculated absorbance, transmittance, and reflectance from extracted material properties for the
studied sample configurations, shown in a non-coherent approximation (excluding coherent interference with substrate reflection). b) Distribution of the
jEj2 field during excitation with a 100-fs pulse (arrow indicates direction) in STE-cavity and their STE references, demonstrating changes in the reflected,
absorbed, and transmitted intensities and field distribution within spintronic layers. c) Absorption distribution Q(x,t) across Pt, CoFeB, W layers. Each
subplot’s left side summarizes the excitation pulse conversion into absorption, transmission, and reflection for each configuration.
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Remember that a variation of the thicknesses of these layers
might heavily impact the efficiency of the inverse Spin Hall
effect itself. As Pt and W provide the SOC for the S2C their thick-
ness is determined by their spin diffusion length.[55,56]

3.3. THz Extraction/Emission

So far, our focus has been primarily on optimizing pump absorp-
tion, specifically in terms of THz generation, without discussing
the electromagnetic details related to the emission of THz into
free space. Now, our investigation shifts to a detailed analysis of
the true efficiency of spintronic emitters including the extraction.
The conventional spintronic emitter demonstrates comparable
peak-to-peak effectiveness, comparing principal pulses in both
the STE/sapphire and sapphire/STE geometries, as experimen-
tally demonstrated by the transmission measurements in
Figure 2a,b. This observation might appear paradoxical, consid-
ering the significant discrepancies in pump absorption across the
different geometries (32% vs 50%). Hence, we would logically
expect the primary pulse to be stronger in the sapphire/STE con-
figuration when a cavity is absent. However, a radiating dipole

between two different media, oriented parallel to their interface,
will have a continuous electric tangential field independent of the
refractive index of the medium into which it radiates. To illus-
trate this concept, we conducted simulations of the dipole emis-
sion and field distribution throughout the radiation process
emanating from spintronic layers situated between sapphire
and air. The procedure for conducting the THz emission simu-
lation will be explained in the subsequent section. Figure 6a plots
the THz pulse fields at multiple intervals post-excitation by an
infrared pulse. In both sapphire and air, the fields reach the
expected similar magnitudes. It’s illustratively evident that the
field in sapphire is scaled due to its higher permittivity.

Therefore, even though the electric fields reach the same val-
ues in both the sapphire and air media, the electromagnetic
intensity ε is scaled by the refractive index n

ℰ ¼ 1
2
cε0nE� E� (1)

where c represents the velocity of light, ε0 is the vacuum permit-
tivity and E denotes the complex electric amplitude. In a simple
approximation, a pumped STE emits an intensity into its

Figure 6. a) Simulation illustrates THz field development (shades of green) emitted from spintronic emitter layers into sapphire and air, displayed at
various moments post-IR pump excitation (97–508 fs), showing consistent amplitude in both mediums and differing intensities based on
I ¼ 1

2 cnε0E� E�. b) Comparison of efficiency for different samples in reflective and transmissive configurations, comparing peak-to-peak values in
the time domain as well as integrated full wavefront area in the time domain. c) Middle subplot: shows dynamic absorption over time for all samples
from Poynting’s theorem, with the Y-axis scaled to reflect absorption percentage. The absorpted power is indicated by the area under each curve.
IR echoes are marginal and detailed in logarithmic scale. Top and bottom subplots: depict calculated THz emissions from these absorptions, directed
in transmission and reflection, respectively, all normalized against the STE/sapphire emission.
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surrounding media in proportion to the respective impedance of
these media. If the substrate is semi-infinite, the ratio of the radi-
ated intensities between substrate and air superstrate is thus
Zvac/Zsub, or simply nsub, where Z=Z0/n is the impedance.[57]

However, terminating the substrate with an air interface reduces
this emission by a Fresnel power transmission coefficient, given
by 4ZvacZsub/(ZvacþZsub)

2 under normal incidence.[58] By com-
bining these two relationships, we obtain the intensity ratio
rI ¼ 4Z2

vac=ðZvac þ ZsubÞ2, roughly equal to 2.25 for a sapphire
substrate. For conventional STE’s, the absorption ratio is
≈0.31/0.5 between STE/sapphire and sapphire/STE, resulting
in a radiated intensity ratio of rR ¼ 0.31

0.5

� �
2 ¼ 0.39. In this ideal-

ized scenario, this ratio rR is almost compensated by the rI, yield-
ing rR� rI= 2.25� 0.39.

3.4. STE Versus STE-Cavity: Efficiency in Different Geometries

In our effort to assess the performance of spintronic THz emit-
ters both with and without cavities in transmission and reflection
geometries, we focus on the dynamics of absorption under fem-
tosecond excitation and its distribution over time to reconstruct
the emission profile, leading to the efficiencies. This approach is
detailed in Section S2.4, Supporting information. So far, our
representation of absorption has primarily been through
frequency-dependent spectra and visual snapshots of field distri-
butions, as demonstrated in Figure 5a–c. Now, we calculated the
time-dependent absorption power Pab(t) for all studied configu-
rations: STE/sapphire versus sapphire/STE, and STE/cavity/
sapphire versus sapphire/STE/Cavity, demonstrated in
Figure 6c (middle subplot). The percentage of absorbed energy
is indicated by the marked areas under the curves, with the ver-
tical axis scaled to approximate the percentage of absorbed
power, correlating directly with amplitude. The absorption time
profiles for spintronic emitters, with and without an integrated
cavity, indicate that the excitation duration remains unchanged.
This is despite a significant portion of the 100 fs pulse being
delayed and returned as standing waves during reflection.
This suggests that the recycling of photons, which are reflected
back by the cavity, occurs almost instantaneously and does not
influence the length of excitation.

The absorption profiles in the time-domain, along with the
previous analysis of absorption spectra in Figure 5a, indicate that
most absorption occurs within the principal excitation. Although
we do observe Fabry–Pérot reflections, their contribution is typi-
cally less than 2%, as detailed upon in the logarithmic scale. This
results in only a marginal fraction of energy reaching the STE for
Fabry–Pérot absorption and secondary emission. The time delay
in the principal excitations of the spintronic layers between the
STE/sapphire and sapphire/STE configurations is a consequence
of the excitation pulse propagating through the 500 μmthick sap-
phire substrate. Finally, the radiating dipole field of spintronic
emitters is determined by taking the derivative of the dipole
source, as Edipole ∝

∂Pab
∂t .

Subsequently, the emitted field propagates through the
specified structures using Scattering matrices, as detailed in
the Section S4, Supporting Information. Furthermore, we
can numerically predict emission for both reflection and trans-
mission, even though our experimental setup is limited to

transmission measurements. All simulation results for reflection
(displayed in the bottom subplot) and transmission (in the top
subplot) are presented in Figure 6c, normalized concerning
the highest observed peak-to-peak value in the STE/sapphire con-
figuration for transmission. This normalization serves to enable
a realistic comparison of which configurations are effective rela-
tive to each other, rather than merely discussing improvements
over the configuration without a cavity. The adoption of time-
dependent absorption guarantees the consideration of absorp-
tion scaling and the treatment of all THz and IR reflections
(echoes, losses), leading to valuable estimations of simulated effi-
ciencies. As an illustration, the simulations of the conventional
STE/sapphire and sapphire/STE configurations in Figure 6c
exhibit identical behaviour in the transmission arrangement
as experimental results in Figure 2a,b. Their normalized
peak-to-peak efficiency in the time domain are comparable
and close to one.

Evaluating signals based on their maximal peak-to-peak in the
time domain is crucial for generating intense pulses in spectros-
copy to obtain a wide dynamic range, and equally important for
nonlinear applications that require an intense pump. However, it
becomes evident that the sapphire/STE configuration includes
an echo, contributing to the overall energy and resulting in a
larger energy yield in this configuration. The origin of this echo
was explained in Section 2.2 and in the diagram Figure 2c. The
contribution of the echo alters the efficiencies in all integrated
pulses to 1.63 and extends the possibilities for applications in
the spectral domain, particularly amplifying at resonant frequen-
cies corresponding to the substrate thickness. Therefore, we will
present a summary of both the normalized peak-to-peak and inte-
grated waveform efficiency in Figure 6b.

When we redirect the emission of conventional emitters
toward a reflective direction, it becomes evident that the balance
between absorption and THz efficiency is disrupted. In such sce-
nario, the STE/sapphire configuration exhibits relatively low
absorption (31%) and decreased THz emission into the sur-
rounding air (refer to Section 3.2), resulting in the lowest effi-
ciency 0.65 (1.00 for all integrated pulses) when compared to
other configurations. Conversely, the sapphire/STE arrangement
stands out as the most effective basic configuration of 1.64 effi-
ciency due to its significant absorption (50%) and intense THz
extraction toward the substrate, leading to the integrated effi-
ciency of 1.64. These simulations indicate that for scenarios
excluding a cavity, the sapphire/STE configuration in reflective
geometry offers the most promise. Moreover, it provides
echo-free time domains, which are particularly advantageous
for data processing in THz-TDS spectroscopy or THz-pump
experiments, where a secondary THz-pump could interfere with
the ongoing process.

For STE configurations incorporating cavities, the STE/cavity/
sapphire configuration in a transmission geometry emerges as
the superior choice. It showcases the highest absorption at
95% and elevates emission toward the substrate, resulting in
an efficiency of 2.99 (and 3.11 when considering integrated wave-
form). This is followed by sapphire/STE/cavity in reflection,
where the cavity limits absorption to no more than 89%, but
the radiation is directed into the sapphire, achieving an efficiency
of 2.76 (2.85 in integrated waveforms). The efficiencies are the
lowest and comparable in the configurations of sapphire/STE/
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cavity in transmission (1.92 and 2.89) and for STE/cavity/
sapphire in reflection with efficiencies (2.05 and 3.08).

In closing this section, although our focus has primarily been
on efficiently recycling pump power, it’s important to note, as
recently demonstrated by ref. [59], that there is equally a consid-
erable potential to apply a similar recycling strategy for the gen-
erated THz photons. By cladding the backside of the substrate
with a metal mirror and optimizing the substrate’s thickness,
they have demonstrated that all generated THz photons can
be constructively combined in a reflective configuration.
In combination with the here presented IR trapping cavity this
would lead to an ultimate maximal electromagnetic performance
of a STE.

3.5. Further Improvements and Outlook

In the final section, we investigate how selecting the optimal sub-
strate can further enhance the performance of spintronic emit-
ters, leading to variations in both excitation and extraction
efficiency. The selection of a substrate influences the pump’s
absorption in thin spintronic layers that are directly deposited
onto it. Figure 7a illustrates the changes in simulated absorbance
within the spintronic layers of a standard emitter as the refractive
index of the substrate varies from 1 to 4 at 800 nm. While the
STE/substrate configuration exhibits a decreasing trend in absor-
bance as the refractive index increases, due to greater reflection
from the optically dense material of the metal films, the sub-
strate/STE configuration reaches a peak absorption of 50% at

a refractive index around 1.7. This maximum results from the
combined effect of enhanced transmission through the optically
denser substrate via STE and the reflection loss at the air/
substrate interface. The simulation compares several commonly
used substrate materials with optical parameters from
refs. [60–66], and these materials are listed in the legend.

Sapphire is highly suitable for the Substrate/STE configura-
tion, as are materials like quartz, MgO, MgF2, and others. In
the STE/Substrate configuration, materials with lower refractive
indices, like MgF2 or LiF, are associated with increased absorp-
tion. However, Substrate/STE consistently results in higher
absorptions. In the substrate/STE configuration, efficiency is
reduced as the IR pulse gets reflected at the air–substrate
interface, which results in a loss described by jðZvac � ZsubÞ=
ðZvac þ ZsubÞj2. To mitigate this effect, an anti-reflective coating
can increase efficiency by an additional 3–20% for the mentioned
substrates.

Subsequently, the choice of substrate also impacts the extrac-
tion of THz emission from spintronic layers in two significant
ways. Firstly, (I) THz emission is scaled by a factor of
1=ðnvac þ nsub þ Z0∫ d

0σðzÞdzÞ.[1] This implies that an increase
in the substrate’s refractive index leads to a decrease in the emit-
ter’s overall efficiency. (II) As previously discussed in Section 3.3,
the emission toward the substrate is nsub-fold more intense com-
pared to emission into the air. In the free-space direction, THz
emission always decreases with an increasing refractive index.
Conversely, toward the substrate, emission increases (point II)
until the overall reduction in emission outweighs this benefit

Figure 7. Simulated efficiency impact of substrate selection in Spintronic Emitters: The graphs illustrate efficiency’s dependence on the refractive index
within the THz/IR range. Each simulation compares typical substrate materials to illustrate their performance. Efficiencies are normalized against the
STE/sapphire transmission configuration for straightforward comparison. a) Simulated change in absorbance of a 100 fs, 808 nm pulse due to varying IR
refractive indices of a substrate in Substrate/STE and STE/Substrate configurations. b) Simulated dependence of the normalized emission efficiency of a
constant dipole current on a varying substrate THz refractive index, directed either toward air (blue) or to the substrate (red). c–f ) Efficiency maps of
configurations: (c) Substrate/STE in transmission, (d) substrate/STE in reflection, (e) STE/substrate in transmission, and (f ) STE/substrate in reflection.
Labeled contours and color bars depict the normalized efficiency across the simulated map.

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2024, 2400064 2400064 (11 of 15) © 2024 The Author(s). Advanced Photonics Research published by Wiley-VCH GmbH

 26999293, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adpr.202400064 by U

niversite D
e L

ille, W
iley O

nline L
ibrary on [25/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.adpr-journal.com
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadpr.202400064&mode=


(point I). This trend is evident in the simulated peak-to-peak effi-
ciency in the time domain, as demonstrated when varying the THz
refractive index, as shown in Figure 7b.

To better assess relative enhancements, we normalize our
results against the widely-used STE/sapphire transmission con-
figuration (towards substrate), allowing for a clearer comparison.
Geometry selection is key and both STE/substrate (reflection)
and substrate/STE (transmission) geometries face notable limi-
tations in achieving optimal THz efficiency. Yet the evident effect
of substrate choice on THz efficiency cannot be overlooked.

In the simulation involving typical substrates with THz prop-
erties from refs. [67–72], materials with low refractive indices like
PMMA show the highest performance. Additionally, we have
used material properties from ref. [73] for our simulations.
Quartz and MgF2 are also promising as substrate materials.
Conversely, sapphire, when evaluated for THz efficiency, proves
to be a less suitable option. In addition, reflective losses at the
interface between substrate and air are notably higher for the
listed materials, in the range of 3–30%. This is linked to their
increased refractive index in the THz range, which can be par-
tially balanced by using an anti-reflection coating designed for
THz frequencies.

To better understand the overall peak-to-peak efficiency of
common spintronic emitters, which depends on both IR absorp-
tion and THz extraction, we present contour maps in Figure 7c–f
illustrating STE efficiency based on THz-IR refractive indices.
For comparative clarity, efficiencies across all geometries are nor-
malized against the STE/sapphire configuration in transmission
geometry. The map includes various common materials, enabling
a comparison of the effects of different substrates. The Substrate/
STE configuration in reflection emerges as the most efficient,
showing up to a 1.7-fold enhancement. This peak efficiency,
achieved through effective extraction and absorption, aligns with
refractive indices near 1.5. Such indices are typical for materials
like plastics, demonstrated by PMMA, and extend to others such
as Teflon, TPX, Zeonex, and Topas.[74,75] In this context, enhanc-
ing efficiency through THz extraction is more advantageous than
focusing on absorption, which reaches its maximum potential
with cavity integration. Nonetheless, the STE/Substrate configura-
tion still significantly improves absorption. The least efficient is
the STE/Substrate configuration in reflection, where both extrac-
tion and absorption are ineffective, requiring materials with very
low refractive indices.

Clearly, the appropriate selection of materials is key to further
enhancing efficiency. However, increasing the refractive index
beyond 1.5–2 typically leads to a decrease in efficiency. Our sim-
ulations didn’t account for the absorption coefficient, which can
greatly affect efficiency, particularly at higher THz frequencies.
Attention is needed for reflective losses at the substrate/air
interface, which can bemitigate for both THz and IR spectra with
the use of anti-reflective coatings. Apart from these materials’
optical efficiency, factors like surface quality and adhesion prop-
erties are crucial, impacting the deposition and integrity of spin-
tronic layers.[76] Moreover, the importance of thermal
conductivity for passive cooling and the damage threshold cannot
be overstated, with sapphire being a practical choice for these
properties.[43,44] The choice of substrate also dictates the fabrica-
tion process and, consequently, the cost.

4. Conclusion

This research was dedicated to the improvement in the perfor-
mance of Pt/CoFeB/W spintronic emitters, with the objective of
maximizing their efficiency to its fullest potential. These emitters
are becoming more acknowledged within the THz community
for their versatile applications, cost-effectiveness, and user-
friendliness. A significant drawback of these emitters, compared
to traditional sources, is their optical-to-terahertz conversion effi-
ciency, which is lower by several orders of magnitude. However,
the ultrafast demagnetization process enables these emitters to
achieve extraordinarily high peak performances, producing
broadband pulses of up to 30 THz. Despite high peak perfor-
mance, the significant efficiency limitations of these spintronic
emitters hinder their extensive use in spectroscopy, nonlinear
applications, and communications, limiting the full utilization
of their potential.

Therefore, our objective was to maximize the enhancement of
spintronic emitters by integrating them with 1D SiO2/SiNx pho-
tonic cavities, aiming to enable these sources to rival conven-
tional ones. We developed a robust and comprehensive
methodology for optimizing these devices, thereby introducing
a new perspective to address this technical challenge. The design
of our cavities played a pivotal role in significantly enhancing the
trapping of excitation photons. This enhancement was crucial in
amplifying the generation of spin electrons, thereby intensifying
the spintronic emission. Our fabricated samples demonstrated
an exceptional absorption rate of ≈95% of the excitation pulse
and a substantial enhancement of the emitter’s THz amplitude,
achieving 2.45 times the performance of traditional spintronic
emitters, along with an 8 dB increase in energy output – a distinct
achievement in this field. We provide a comprehensive guide
detailing the design of these structures, alongside sharing our
developed solutions of STE-Cavities, which are finely tuned
for optimal performance. Additionally, through our analysis of
the fabricated samples, which involved varying the pump power
and adjusting the central wavelength of the excitation pulse,
we demonstrated the robustness and operational effectiveness
of these enhanced spintronic emitters.

This study is the first to provide a detailed comparison of the
STE/sapphire/cavity with the sapphire/STE/cavity configuration.
Our theoretical approach aids in explicating the key factors that
influence emitter efficiency and electromagnetic functionality.
We offer a thorough evaluation of emitter efficiencies in both
reflective and transmission geometries, essential for researchers
in selecting the most suitable emitter configuration, given the
substantial differences in efficiency. Our findings reveal, for
example, that the pure emitter’s maximum efficiency, without
a cavity, is significantly higher for substrate/STE configuration
in reflection – showing nearly 60% more efficiency compared
to its transmission geometry. Furthermore, our results establish
that superior performance is exclusively attainable with the
STE/cavity/sapphire configuration, which effectively combines
maximal absorption and enhanced THz emission directed
toward the substrate.

Despite the promising findings, it’s crucial to acknowledge
that our access was limited to an 80MHz oscillator, restricting
our ability to test the spintronic emitters under high-energy
millijoule (mJ) excitation pulses. This limitation leaves potential
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high-energy impacts, like saturation and thermal damage, unex-
plored. Furthermore, we acknowledge that our simulations
might overestimate the results compared to empirical data, pos-
sibly overlooking aspects such as heat generation, saturation
effects, or the sensitivity to the materials used in the simulations.
Therefore, a crucial point was characterizing the spintronic
layers’ properties, which we conducted through ellipsometry
and transmission measurements. Despite these limitations,
we are confident that our simulations provide a realistic repre-
sentation of the spintronic emitters’ behavior.

Finally, we analyzed the impact of substrates on spintronic
emitters and propose ways to further enhance their efficiency.
Our simulation strategy presents a promising perspective, not
limited to just augmenting excitation via increased absorption,
but also extends to the careful optimization of structures for
optimal THz field extraction, incorporating techniques like
anti-reflective coatings and THz cavities.

In closing, this study marks a substantial advancement in
optimizing spintronic emitters for THz applications. Our results
provide a generic approach to optimize spintronic emitters from
the optical viewpoint. But the specific findings on cavity
design, efficiency analysis, substrate influence, and pulse-based
simulations can also be applied to optimize the electromagnetic
design of an even wider variety of THz emitter configurations
beyond purely spintronic ones such as plasmonic-based
photoconductors.
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